Spin-| fields in hadron physics. * 
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We show that the Lagrangian of the free spin-| field in the spinor-tensor representation with 
the auxiliary spinor field depends on the three arbitrary parameters. The first two parameters 
are associated with the spin-| and -i sector of the theory while the latter one is related to the 
auxiliary degrees of freedom. We derive a corresponding propagator of the system which represents 
(2x2) matrix in the (Vv^iC) space. The diagonal terms stand for the propagation of the spin-| 
and auxiliary fields whereas the non-diagonal ones correspond to the t/> m „ — £ mixing. The resulting 
spin- 1 propagator contains non-pole contributions coming from the spin-| and -| sector of the 
spinor-tensor representation. A general form of the interaction vertex involving spin-| field is 
0^ ' discussed on the example of the nNNt coupling, ft is demonstrated that lower spin degrees of 
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freedom can be removed from the theory by using higher order derivative coupling. 
PACS numbers: 11.80.-m,13.75.Gx,14.20.Gk,13.30.Gk 

I. INTRODUCTION 



The description of pion- and photon-induced reactions in the resonance energy region is faced with the problem of 
proper treatment of higher spin states. In 1941 Rarita and Schwinger (R-S) suggested a set of equations which a field 
function of a higher spin should obey PJ . Another formulation has been developed by Fierz and Pauli [2] where an 
Oh' auxiliary field concept is used to derive subsidiary constraints on the field function. 

Regardless of the procedure used the obtained Lagrangians for free higher-spin fields turn out to be always dependent 
i ' on arbitrary free parameters. For the spin-| fields this issue is widely discussed in the Literature: (see e.g. 0,0,01 for 
a modern status of the problem). The case of the spin-| fields is less studied. First attempts in this way have been 
made in (y, |7[ where a theory of free fields has been suggested. The authors of [7| deduced an equation of motion as a 
decomposition in terms of corresponding projection operators with additional algebraic constraints on parameters of 
1^ ■ the decomposition. Schwinger [f| derived a particular form of the spin-| equation which coincides with the equation 
suggested in [3] for a specific choice of the parameters. 



The free particle propagator is a central quantity in most of the calculations in quantum field theory. In Q the 
authors deduced a spin-| propagator written in operator form. In practical calculations, however, one needs an 
■ explicit expression of the propagator. An attempt to construct a propagator only from the spin-| projection operator 
Q\ \ has been made in Q . We demonstrate that such a quantity is not consistent with the equation of motions for the 
spin-| field. Another pathology is experienced with the propagator [9| and projector [l(| used in calculations of 



the resonance production amplitudes: they do not fulfill the condition [yoGjj,v;pa] — JoGpa-^u and consequently are 
not hermitian. Therefore it is important to derive the propagator and investigate its properties in detail. To our 
knowledge no such a study has been done so far. 

The aim of the paper is to deduce an explicit expression for the spin-| propagator and study its properties. Guided 
by the properties of the free spin-| R-S theory one would expect the equation of motion for the spin-| field has two 
arbitrary free parameters which define the non-pole spin-| and-^ contributions to the full propagator. The coupling 
of the spin-| field to the (e.g.) pion-nucleon final state is therefore defined up to two 'off-shell' parameters (Tl| which 
scale the non-pole contributions to the physical observables. Hence, one can ask whether such an arbitrariness can 
be removed from the theory. 

The possibility to construct consistent higher-spin massless theories has already been pointed out by Weinberg and 
Witten a while ago [Hj]. Pascalutsa has shown that by using a gauge invariant coupling for higher spin fields it is 
possible to remove the extra-degrees of freedom [l3[ in a particular case of the R-S theory which maintains gauge 
invariancc in the massless limit. 
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As we demonstrated in Q the demand for the gauge-invariance may not be enough to eliminate the extra degrees 
of freedom at the interaction vertex. The problem appears when the theory does not have a massless limit. However, 
a coupling which removes non-pole terms from the spin-| propagator can be easily constructed by using higher order 
derivatives. A corresponding interaction Lagragian has been deduced in Q for the case of spin-| fields and can be 
easily extended to higher spins too. 

The paper is organized as follows: in Section [TT] we suggest an alternative form of the free spin-| Lagrangian as 
compared to Q and discuss its properties in details. The presence of auxiliary field complicates the derivation of the 
propagator. Therefore, in Section [IIII we first demonstrate how the free propagator can be obtained for a vector field 
in the presence of an auxiliary one. The method is then applied to the spin-| field, Section [TV] The resulting spin-| 
propagator contains contributions corresponding to the lower spin-|,-i sector of the spin-tensor representation. In 
Section [V] we discuss how these degrees of freedom can be removed from the physical observables the the example of 
the pion-nucleon scattering amplitude. The results are summarized in Section IVT1 



II. FREE SPIN- 1 FIELD. 

The field function of higher spins in a spinor-tensor representation is a solution of the set of equations suggested 
by Rarita and Schwinger in In a consistent theory the description of the free field is specified by setting up an 
appropriate Lagrange function C^^jdptp^). The spin-| Lagrangian in the presence of the auxiliary spinor field 
£,(x) can be written in the form 

£ = £ (1) +£ (2) +£ (aux) , (1) 
where the explicit expressions for £( 2 \ and £( aux ) read 

+ i ^VV(*)7 A (? - ?) l S 4> P «{x) (g^gV + g A YV + g A + g A Y CT g MP ) 

+ mF 2 {a) </v„(x) (t'W" + l"l P g^ + 7 M 7° Y" + 7"7 <T g W ) iM^) 
+ <Mz) Q m) 4> pa {x) (g^g^ + g"V p ) , 

+ i Vv(z)g^ (? - *p) g pa ^ P a{x) + m G 2 (a, b) ^(x)g^gP^ pa (x), 

= m C (V(x)g" , '?(.i)+(»r^( 5 ;)) +B(a,b,c)ax) - +3m) (2) 

and -Fi(a), -F^fa), G\(a, b), G*2(a, b), and B(a, 6, c) are functions of the free real parameters a, b, and c, see Appendix 

m 

The Lagrangian eq. (fTJ) in general depends on only three independent real parameters a, 6, and c. This formulation of 
the spin- 1 theory is simpler than that of suggested in In fact, the Lagrangian in 7] is written as a decomposition 
in terms of projection operators with a number of free parameters. These paramteres are subjected to additional 
subsiduary constraints need to be resolved. 

Independent variations of ip pu and £ fields give two equations of motion which in momentum space can be written 
in the following form 

(A£U(p) + A$; P ») r°{p) + cm^(p) = 0, (3) 
mcg f " 7 i> pa ( P ) + B(a,b,c)(]/> + 3m)t(p)=0, (4) 

where the operators A$- tP(r (p), A^ ipff (p) are 
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+ a (lpPpE va + 1vPpgp,G + IpPtrgup + IvPag^p 

+ IpPpgva + laP^gvp + IpPvgpa + laPugp.p) 

+ ^1 ( a ) {lp.i>l P Zva + Jup'lpgpa + Ipflagvp + Ivilagpp) 

+ mF 2 (a) (j^Jpgua + Ivlpgpa + IpHagup + lvlagp,p) (5) 



A^paW = & {lllPugpo + IvPpgpa + IpPag^v + laPpgpv) 

+ Gi (a, 6) + m G 2 (a, 6)) g^g^. (6) 

The equations of motion (JSJUJ) are written in the most general form and are consistent with those of defined in 
@>0]- For example, the equation suggested by Schwinger corresponds to the choice of parameters a = — 1, b = 1, and 
c = —2. Note that the functions F 1 (a), F 2 (a), Gi(a,b), and G2(a,b) do not contain the parameter c which reflects 
independence of the spin-| field on the axuliary degrees of freedom. The R-S constraints [l[ follow from eqs. (|3l4p 
with the additional condition £(p)=0, see AppendixlBl 

It is interesting to note, that the operator Kp]}- pa (p) would give an equation of motion A^ 1 j ;pcr (p)V' A " y = for the 
spin-| fields provided g^Vw = 0' where the later property is assumed a priori. However, the corresponding inverse 

operator [A^-p^ip)}^ 1 has additional non-physical poles in the spin-^ sector. This indicates that the constraint 
g^^pv = should also follow from the equation of motion and cannot be assumed a priori. The second operator 

A^] ; po-(p) acts only in the spin-i sector of the spin-tensor representation. This can be checked by a direct decomposition 
of the operator §§§ in terms of projection operators given in Appendix [Al . The same conclusion can be drawn from 

(2) — — 

the observation that ApJ ;p(T (p) is orthogonal to all Vp a . TS {p), V^. pa . T5 (p) projection operators, where i, j — 1, 2. Hence 
the parameter b is related only to the spin-i degrees of freedom whereas a scales both spin-| and -\ ones. 

In practical calculations one needs to know a free propagator corresponding to the spin-| field. The derivation of 
the propagator becomes complicated in the presence of the auxiliary field degrees of freedom. To demonstrate the 
procedure it is useful to consider first an example of the free vector field p p in the presence of auxiliary one. In the 
next Section we outline a general procedure which can be applied to the spin-| case. 



III. FREE VECTOR FIELD 



The idea to use auxiliary degrees of freedom to describe systems with higher spins was first utilized in the original 
work of Fierz and Pauli [2|. As is well known, however, there is no need for such complications in the case of spins 
J < 2 and J < | . For higher spins the use of axiliary degrees of becomes inevitable Q • Here we consider the case of 
the vector field ip^ in the presence of the additional scalar field A and derive the free propagator of the system. The 
Lagrangian of the (c/? M , A) system can be written as 

C v = -\[d»<p v ){d^) + ^m 2 <p v <p» +am{d v y») A-ia 2 m 2 A 2 , (7) 

where ipp is a vector and A is an auxiliary scalar field and a is an arbitrary free parameter. Independent variations of 
the vector and auxiliary fields produce two equations of motion 

(□ + m 2 )ip tl — amdp A = 0, 

amd^ -a 2 m 2 A = 0. (8) 

Diagonalization of the system leads to the Proca equation for the vector field ipp whereas the auxiliary field A 
vanishes. Although A = the propagator of the system always contains a component associated with the auxiliary 
field and ip^ — A mixing terms. 

To obtain a propagator for the system of fields A) it is convenient to rewrite eq. ([5]) in the matrix form 

^ { p^ vM = 0, (9) 

where 

AY i = ( (D + TO >" ~ a T 9 i ) and <I>-M = (V Y (10) 

V amo v —a m J V A I v ' 
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Since the system contains vector and scalar degrees of freedom the Lorentz indices in curly brackets of eqs. (|9ll0p are 
associated with corresponding tensor and vector elements of and &J u y 

The inverse operator (propagator) can be obtained as a solution of the following equation 



{p {m"> ~ {^} r " 1 i' 
where the propagator GY , and the unit matrix IJ , are defined as 



(11) 



i(<p<p) 

1 iiv 



and = 



1 



G 



(v>v>) 



The four components of the matrix GJ^y have simple physical meanings, 

of the purely vector and auxiliary scalar fields, correspondingly, whereas the nondiagonal G^ 
associated with the ip — A mixing. The solution of eq. (jllj) in the momentum space is 



and G( xx ) stand for the propagator 
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and Gi^ terms are 



(12) 



The pole (p 2 — m 2 )~ 1 appears only at the vector component G$£ v '(p); this term completely coincides with the 
corresponding expression well known from quantum field theory The remaining terms in the propagator depend on 
the free parameter a associated with the auxiliary field A. From eq. (|T2^) one can conclude that G^ AA - ) gives contributions 
only off-shell p 2 ^ m 2 . Note that the scalar component of the propagating vector field (p^ mixes with the A field 
which leads to the appearance of the finite non-diagonal components in the propagator eq. (|12[) . 

Despite the complications related to the introduction of the auxiliary field the description in terms of (t^? M , A) system 
is completely equivalent to the conventional description in terms of the pure vector field. It implies that physical 
observables do not depend on the free parameter a appearing in the the full propagator (|12p . For the free fields this 
conclusion immediately follows from the fact that the auxiliary field can be excluded from the upper equation ([5]) . It 
also holds true in the case of interacting fields provided there is no coupling to auxiliary degrees of freedom. 



IV. PROPAGATOR FOR THE FREE SPIN-f FIELD. 

Similar to the procedure described in Section IIIII it is convenient to rewrite the set of equations ((3j|4|) in matrix 
form 



A#&(p) mc V ^ (V a {p) 
cmgpa 



A^(p) J \ £(P) 



0, (13) 



where A^t-pcr(p) = A^}- pcr (p) + A^- pa (p) andA^)(p) = B(a, b, c) (j) + 3m). While the auxiliary field vanishes on-shell 
the full propagator should also contain an off-shell part related with the auxiliary field Hence, the full propagator 
of the system is 



GT (ilp)(p) G (^)(P) 
G[%)(P) G («)b) 



;{- A ;p-}(p)= ( W % m) Z.( ) (14) 



and satisfies the equation 



( aS5J a (p) m CgAI , \ / a$ff<p) G^ b ( P ) \ = (ijso\ (15) 

{ cmg TX A«0(p) J { G^j(p) G m (p) ) { lj' 1 b > 

where 7g£ = g^g^ + g^g£- The diagonal terms G^'^(p) and G^^(p) are related to fields i/j and if respectively whereas 
the non-diagonal ones stand for mixing between the auxiliary spinor field and the 'off-shell' spin-^ component of the 
spin- 1 field. 
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The propagator of the spin-| field G pv - pa (p) — Gptfpa-ip) is obtained as a solution of the set of equations 

^%(P) G ^(P)+ mC ^G^, ) (p) = IP, 

cmg TX G T { ^ ) (p)+A^\p)G m (p) = 1. (16) 
In the literature one sometimes encounters a propagator defined as 

G'p^rtiP) = ?jt,r*(P). ( 17 ) 

H ' p z — mr + le f ' 

5 

where 'P p 2 (T . T(5 (p) is a spin-| projection operator in the spinor-tensor representation (|A1|) . However, the quatity defined 
above does not have an inverse and therefore cannot obey eqs. (|16p for any choice of the free parameters. This can 



be shown by replacing the GT^'Jf? (p) in the upper equation (|16[) by expression from eq. (|17p and multiplying the both 

3 

sides of the resulting equation from the right by a projection operator V^- pu T ^!P)- Using the general properties of 
projection operators eq. (|A2|) the obtained expression reduces to 

rncg^G^^vi^tp) = 2vj 2 .^ TS (p). (18) 

3 

This leads to a contradiction: from eq. (fT8| follows that G p ^^{p)V 22 . pa T §(p) cannot be zero but multiplying the both 

3 

sides of the same equation by g^ v and using the property g^V^-au ts(p) = ^ one can draw an opposite conclusion. 
Hence, the quantity defined in eq. (|17[) does not obey eqs. (T17J)) and cannot be a spin-| propagator. 

The solution of equation (|16[) where the parameters a and b are kept to be free is tedious. Here we confine ourselves 
by looking for a solution with a specific choice of the parameters a = — 1,6=— 1 whereas c is kept to be arbitrary. 
The independence of Gj^°(p) on the latter parameter signifies that the auxiliary field does not contribute to the 
physical observables. We discuss this issue in Section [Vj With this specific choice of the free parameters the resulting 
equations are 

[{$ - m)(g AlT g, yA + g^Ag^r) ~ {lp.P v g\T + IvPpgXr + IXPrgpv + lrP\gpu) + {j/> + TU ) g^g T \ 
-{ipPxgvT + luPxgpr + IpPrguX + IvPrgpX + IXPpgvr + IrPpguX + IXPvgpr + IrPugpX) 
+ (lpHxguT + lui>lXgpT + lpi>lrguX + li>i>lrgpX) + m (jp'fXguT + IvlXgpr 
+lplrgvX + lulrgpx)]G T { ^ (j>) + 171 C g pu G^ ;) (p) = g£ g£ + g£ g£, 

mgrxG$ (p) - (j+ 3m) (p) G m (p) = 1. (19) 

The obtained spin-| propagator G p f' / " 7 (p) — G p ^°(p) can be written as a decomposition in terms of projection 
operators as follows Q 

k 1 / 1 v 2 — m 2 / 1 I \ \ 

G^;p CT ( P ) = ~ 2 0* + m ) PfriP* W " ~ — V ^-P° (?) + W ) > ( 20 ) 

pZ _ m z y 772 V / y 

where T> pv - >pa {p) and T> pv ^ pa {p) stand for the contributions from the spin-| and -i sector of the spinor- vector rep- 
resentation, (see Appendix [Cjl. As expected the propagator for the spin-| itself does not depend on the parameter 
c related to the spinor field £. This observation also holds for arbitrary values of a and b in eq. (|16p which we have 
checked by explicit calculations. The obtained propagator has a pole associated with the spin-| part and so called 

'off-shell' non-pole contributions coming from the lower spin components T> pv - pa (jp) and T>' pu ^ pi7 (p). 

V. COUPLING TO HIGHER SPIN FERMIONS 

In the case of the spin-| field in the spinor-tensor representation we deal with a system (i/> M „,£) which contains 
auxiliary degrees of freedom. One can raise a question whether the unphysical degrees of freedom could be eliminated 
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from physical observables. Here we consider a simple case of spin-| resonance contribution to ttN scattering which is 
valid for applications in hadron physics. The corresponding nNNt coupling can be chosen as follows 



Ami 



(ip N (x),o) r MVh 



Pi 



M-VO 



d^irix) + h.c. 



where the nucleon field is written as OiJ)n(x),Q) which implies the absence of auxiliary fields in the final state. The 
operator 



1 





projects out the spin-| field and ensures that there is no coupling to £. Hence, only the spin-| component of the 

propagator G^„ ;pcr (p) , eq. (|20|) , contributes to physical observables at any order of perturbation theory. In Section IIIII 
we have demonstrated that the inclusion of auxiliary degrees of freedom in the vector field does not affect the physical 
observables. To our knowledge this statement is not generally proven for the (V7w£) system beyond the pertubation 
expansion. The reason is that the equation of the motion for massive spin-| field in the spinor-tensor representation 
is defined only in the presence of an auxiliary field. This is unlike the case of the vector field where auxiliary degrees 
of freedom can be removed by proper field transformations. Note that these degrees of freedom contribute due to 
~~ £ mixing. This mixing takes place only between the spin-| sector of the spinor-tensor and the auxiliary spinor 
fields, as pointed out in the previous Section. One may therefore hope that the use of a coupling which suppresses the 
spin-i contributions would also prevent the appearance of the auxiliary degrees of freedom in the physical observables 
in the non perturbative regime. 

A possibility to remove unwanted degrees of freedom in a special case of the spin-| fields has been demonstrated in 
SEE El- The idea is based on the observation that the Lagrangian of the Rarita-Schwinger fields for a specific choice 
of the parameter A = — 1 maintains gauge- invariance in the massless limit. Therefore the use of a gauge-invariant 
coupling suppresses the contribution from the lower spin sector. 

Guided by the results obtained in the spin-| Rarita-Schwinger theory one could expect that the lower spin terms 
of the spin- 1 propagator eq. (|20|) do not contribute to the physical observables as long as a gauge invariant coupling 
is used. This however is not generally true for the spin-| fields in the spinor-tensor representation. Such a conclusion 
can be drawn from the fact that the Lagrangian eq. (|2]) is not invariant under the gauge transformations ip^ v — > 
typv + dfi^u + dv^n m a massless limit at any choice of parameters a and b. We show this more explicitely by exploring 
a general structure of the gauge-invariant vertex function on the example of the TtN scattering amplitude in the 
leading order of the perturbation expansion. The amplitude can in general be written in the form 



M ~ u n (p') T^(q) G* (g) rt«"* T (g) u N (p) k' K kx k T 



(21) 



where p (k) and p'(k') are momenta of the initial and final nucleon(pion) correspondingly; q stands for the momentum 
of the resonance and depends on the channel (s- or u- ) of interest. The gauge-invariant coupling to the spin-| field 
imposes the following constraint on the vertex function q p T^ v ' pa (q) = q a T^ v '' f " T {q) = 0. For the transition matrix to 
be free from any contribution from the lower spin sector the expression in the square brackets in eq. (|2ip should be 
proportional to the spin-| projection operator 

~T^°{ q )G%.^{q)T^^{q)] ~ P^q). (22) 

This gives an additional constraint q^ T^ v ' pa (q) = q v r A " y;pcr (g) = 0. The vertex function can be decomposed in terms 

5 _3 1 

of the spin projection operators. There are only three operators V£v lPa -(q), 'P^av paii)' an< ^ ^22; av,pa (l) which fulfill 

5 3 

the properties q^Vpv-paiq) = 0, q v "P^-^v.poil) = 0, etc. Hence, the decomposition can be written as follows 



M) = oti(^)V^ V ; P a(q) +a 2 



22; fj,i/;pcr 



(q) + M4)V: 



22; {AVjpcr 



(9), 



(23) 



where the coefficients of the decomposition a\{f), a-i{£), and a% (£) are polynomials of m and ^. Note, that V^-paiq) 



V. 



22; \xv\p<j 



(q)j and V : 



22; pv\p<7 



(q) commute with ^. The spin-| propagator can also be decomposed in terms of the spin 

5_ 

projection operators. Due to the orthogonality properties of the projection operators only those terms in 

5_ il 1 

contribute to the matrix element eq. (f2T|) which contain V^- p(T (q), V^- ^u-pai^)^ ano ^ ^22- py-poi^) operators. If the 
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parameters a and b in cq. (|15U16[) could be chosen in such a way that the propagator does not contain the V 2 2 2- pv pa W) 
i 

and V£2; uu;pa (?) operators the lower spin contributions to the matrix clement would be suppressed. Such a situation 
is realized in the spin-| Rarita-Schwinger theory for the special choice of the free parameter A = — 1, see [3| for 

3 

discussion. For the spin-| fields eq. ((3]) the contribution of the V\\. uu;pa{ ( l) projector can be suppressed by choosing 
a = — 1. As we already mentioned in Section [IT] this parameter is associated with both spin-| and -| degrees of 
freedom whereas b regulates only the spin-i ones. Indeed the expression eq. (|CJ1[) derived for a = — 1, b = — 1 does not 

3 i 

have the V^i- p V \pa (l) projector. One can ask whether V 22 . uvpvil) can a l so De removed from the free propagator. The 

. ' i 

general conclusion is that the term G T ^°(p) being a solution of eq. (fT6|) always has contributions from V 22 -^ v - %p(7 {<i)- 

We have checked this by explicite calculation for arbitrary values of parameter b. This conclusion is ultimately linked 

to the fact that the Lagrangian of the free spin-| fields ([2]) does not maintain gauge-invariance in the massless limit. 

The same conclusion has been also drawn in [7j . Therefore one can never remove the corresponding degrees of freedom 

from the transition matrix eq. (|21| provided the vertex function is written in the form of eq. (|23[) . 

The solution to the problem has been suggested in [4[ where authors suggested to utilize the Rarita-Schwinger 

condition jpip^ 1 ' = r ) v r ^ t11 ' — to constrain the interaction vertex. As a result the interaction vertex fulfills the 

condition 7 • F = F ■ 7 = 0. Applying this constraint to the decomposition eq. (|2l{|) one can see that only the V^-paiq) 
projector obeys the desired property and the decomposition reduces to 



IV;p<r(<7) = oti{i)Vjl U ;p<,{q). 



(24) 



Since the vertex function should be free from any singularities the minimal power of $ in the function ot\{f) should 
be of the fourth order. Then, the most simple coupling can be written as follows 



C 



ttNN' 



4 VnO) a 2 V^ ]p(7 (d)^ d f *d v Tr(x)+h.c. 



(25) 



The use of Vpu;pa-(d) ensures that only the spin-| part of the propagator contributes and the d'Alembert-operator 
squared guarantees that no other singularities except the mass pole term (p 2 — m 2 ) -1 appear in the amplitude. As 
a results the physical observables no longer depend on the arbitrary parameters a and b of the free Lagrangian. The 
7riV scattering amplitude eq. (T2"Tj) then reads 



M 



tNN* 



un(p') 



u N (p) k ,fl k lv k x k\ 



(26) 



The coupling in eqs. ([25)) can be generalized for the fields tp^" a ^ of the arbitrary spin J as 

(J-h) 



ttN N* 



iirNN* 



{p.. .a} 



{^}...{a d }7T(x)+h.C, 



(27) 



where the number of indices assigned to V'jv* °^ ano - ^{p wp cr}(^) d e P en ds on the chosen representation. The 
coupling constructed in eqs. (f2"6"ll2"7} ensures that physical observables do not depend on the free parameters of the 
theory. 



VI. SUMMARY 



In summary, we have investigated the general properties of the free spin-| fields in the spinor-tensor representation. 
The Lagrangian is written in terms of spin-| and auxiliary fields (Vv^iO an ^ coincides with that suggested in the 
literature for a specific choice of free parameters. We demonstrate that the Lagrangian in general depends on three 
arbitrary parameters; two of them are associated with the lower spin-| and -5 sector of the theory whereas the third 
one is linked to the auxiliary field £. 

We deduce a free propagator of the system which is given by a 2x2 matrix in the (Vv^jC) space. The diagonal 
elements stand for the propagation of the spin-| and £ fields whereas the non-diagonal ones correspond to tp^u — £, 
mixing. The mixing takes place between the spin-i sector of the spinor-tensor representation and an auxiliary spinor 
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field. While the free propagator includes auxiliary degrees of freedom they do not contribute to the physical observables 
calculated within the perturbation theory provided there is no coupling to £. 

As an application to hadron physics calculations, the interaction involving (ippv,£,) ^ s discussed for the example of 
the irNNt coupling. The pure spin-| propagator contains non-pole terms which contribute in the whole kinematical 

2 

region. As we demonstrate invariance under gauge transformations is not enough to remove these contributions. This 
is ultimately related to the fact that the free Lagrangian of the (i/>p, v , £) system does not maintain gauge invariance in 
the massless limit for any choice of the free parameters. The desired result can, however, be obtained by constructing 
a coupling with higher order derivatives. In the latter case the amplitude of the irN scattering does not depend on 
the arbitrary parameters of the free Lagrangian. The suggested coupling is generalized to the Rarita-Schwinger fields 
of any half-integer spin. 
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APPENDIX A: SPIN PROJECTION OPERATORS FOR THE SPINOR-TENSOR REPRESENTATION 

The spin projection operators are taken from 7|. In the momentum space they are given by 



Ppi/;per(<Z) — ^ (Ppp ^va + V pa Pl/p) c ^ ptv ^ pa 
>1 D>1 T)l I Tftl Iftl T)l 



3 1/10 10 10 10 1 

"^lX;iiv;paifi) = 2 ^va + Pj/p V pa + Pper ^vp + Pi/er P/ip) — g ^2 ® ^ u ®pai 



Pl;„(<?) = ^ (f J tp Via +fl tp Ka +tp ta K +fl ta K 

1 

2V5g 



-—V 1 V 1 
pp j 15 pCT ' 



1 a 



3y/Eq* ^ 
t>0 



Pi 2 , fffl = p p 

' ll;pf;pcr W / ' pi> ' pa? 

f , 22;pL>;pa( < l) ~ ^Ppv^pai 



V21;pi^;pa( < l) ~ V\2;pa\pv (?) = ^ pv ^ pa J 



V i\;pv;pa^i) — ^ 13; per ;pi;(<?) — ^/g ^ 2 pa ] 



= -n2„i,i) = ^^o pa vi v i (ai) 

where operators PL, PL and are defined as 
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-pi _ g^g* -pi w 

' /HW ~~ S>p.V f jU — ' p.V 1 ! 

The projection operators eq. (|A1[) fulfill the following properties: they satisfy orthogonality conditions 



r;' : ,„;' x un v(U, p M = ^j'^t„(<?) (A2) 



and the sum rules 



2 3 



V^;pa(q) +2^ V iiiWfHrW + 2^ V U;pu,pM) = ^{^pEva + gpagup)- (A3) 



APPENDIX B: LAGRANGIAN FOR THE FREE SPIN-| FIELD 

The functions -Fi(a), .F 2 (a), Gi(a,6), 6*2(0,6), and B(a,b,c) of the free real parameters a, 6, and c used in the 
definition of the Lagrangian eq. ([2]) read 

F x {a) = i(5a 2 + 2a+l), 
F 2 (a) = i(15a 2 + 10a + 3), 



G x (a,b) 
G 2 (a,6) 



5a 4 - 12a 3 - 20a 2 - 8a - 46 2 - 4 b (7a 2 + 6 a + 1) - 1 
2(3a+ l) 2 ' 
-15a 4 + 18a 2 + 8a + 126 2 + 66 (5a 2 + 6 a + 1) + 1 
2(3a + l) 2 ' 

24 c 2 (3a + 1) 2 



B{aM = - 5 (5a 2 + 6a + 46+ir (B1) 

Using the variational principle one obtains two equations of motion eqs. ([3j|4]). Here we show that all Rarita-Schwinger 
constraints |l| can be obtained from these equations. By multipling the eq. by g MI/ , ^p v and p^p" and making 
summation we get 

(g P a(Kb ~ 2*1 (a) + 2Gx(a, 6) + 1) + m( 2F 2 {a) + 2G 2 (a, 6) - 1)) 

+2(l*P P + l P P a ){a + b + F l (a)))i>P° + 2cm£ = 0, (B2) 

((2a + 5 6 + 2F X (a) + Gi (a, 6)) p 2 g pff + mj, (G 2 (a, 6) - 2F 2 (a))g pCT 
+(-m + 6mF 2 (a) + (6 - 1 + 4Fi (a) ) ji ) (7^ + j a p p ) 

+ (12a + 4)pV)^ P<T + cm^e = 0, (B3) 

(2((2o + \)i> - m)p"p (I + (p 2 (2a + b + 2F 1 (a)) + 2mF 2 (a) f ) (7V + 7VO 

+p 2 ((2b + Gi(a, b))i> + mG 2 (a, 6))g" (T )^ + cmp 2 £ = 0, (B4) 

correspondingly. Expessing (j a p p + r ) P Pa)i> pa from the first equation (|B2|) and substituing it in to eqs. (|B3UB4p we 
obtain 

(4 [3a +l][a + b + F 1 (a)] p p p a + - ( - [6F 2 (a) - 1] [2F 2 (a) + 2G 2 (a, 6) - l]m 2 + 2j, [6 + G x (a, 6) - 2F 2 (a) 
(a + 36 + 3Gi (a, 6) + 1) + F x (a) (1 - 3G 2 (a, 6)) + (a + 1)G 2 (a, 6)]m + p 2 [4 a 2 + 14 a 6 + 9 6 2 + 12F X 2 (a) 

+2Fx(a)(4a + 66 - 3G x (a, 6) - 3) + 2 (a + 1) Gi(a, 6) + l])g pry ^ p<J 

+cm([l - 6F 2 (a)]m+p'[a - 3F x (a) + 1])£ = (B5) 
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(2[a + b + F 1 {a)][{2a + l)j>-m]p ( ' P ' T + i(- 2F 2 (a)[2F 2 (a) + 2G 2 {a,b) - l]m 2 ^ 
-p 2 (fi(-3b 2 - 2ab + b - 4F?(a) + 2a + 2a G x (a, 6) + F x (a)(-4a - 46 + 2G x (a, 6) + 2)) 
+m(2G 2 (a, 6)a - 2a - 6 + F 2 (a)(4a + 46 + 4G 1 (a 1 6) + 2) + 2Fi(a)(G 2 (a, &) - l))))g pCT ) Vv 

+cm(- [a + Fi(a)]p 2 - 2mF 2 (a)j4)£ = 0. (B6) 

Now multiplying ea. (|B5|) from left by (6a + 2)~ 1 ((2a + m), substracting it from ea. (|B6[) and using the definitions 
(|B1I) we have 

" (<*»' + ^ £ + " *"> ™") - (B7) 

From eq. Q eq. (|B7|) we obtain 

(3a + l)cm 3 £ = 0. (B8) 
which means that the auxiliary field is vanishes provided a ^ — g . Having £ = the remaing constraints 

(l»Pu + 7uP„)i) fiV = 0, 

P P PuV = 0, 

g^V v = 0, (B9) 

can be easily derived from eqs. (|B2HB4]) and cq.(|3]). 

Now multiplying eq. ([3]) from left by 7^ and p v and using eqs. (|B9[) we have two equations 

((a + 6Fi(a) - l)i> + (6F 2 (a) - l)m)( 7 CT g MP + 7 P g^)^ + 2(3a + l)(g» p p° + pPgTWp* = 0, (B10) 

((a + - m)(p CT g^ + p p g^)V P a + b 2 (a + F x (a)) + m^F 2 (a)))( 7 CT g w + 7 p g MCT )Vv = 0. (Bll) 

Again, multiplying eq. (|B10[) by (6a + 2) _1 ((a+l)^ — m), substracting the resulting equation from eq. (|B11[) and using 
definitions (|B1[) we get 

(fg w +fg" a )^ = 0, (B12) 

provided a ^ — | , — | . Then the constraint 

(pV' + 7^)^ = (B13) 

immediately follows from eqs. (|B10[|B12"1) . Having 7 p -0 P er = 0, p p ^ pa = 0, £ = 0, and g pcr ip pa = the equation Q 
reduces to the Dirac equation — m)^ pa = 0. Finally we have shown that all Rarita-Schwinger constraint can be 
obtained from eqs. ([HE]). Hence, the function tp pa obeying these equations describes the field with spin-|. 

APPENDIX C: SPIN-§ PROPAGATOR 

The solution of the equation [19] can be written in form 

5 I / 5 r> 2 — 771 2 / 3 1 \ \ 

G ^(P) = p2 _ m 2 ( + m ) ^w~(p) + m2 (©^(p) + ^(p))J . 

G p ; ?) (p) = ((J* + m)(2(Yp a + 7V) + 5mg pCT ) + 6(p 2 - mf)g pa - l&p"p a ) , (CI) 
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where the lower spin-|, -i parts V pv - pa {p) and T> p 2 v - piJ {p) are 



1 



m / s 3 \ 



1 

80 m 2 



((73m 2 - 12p 2 )^ + 3m(27m 2 - 8p 2 )) V^.^M 

+ ((35m 2 - m V 2 )i> - m(13m 2 + 96p 2 )) P| 2; ^ ;p » 
-V3 ((43m 2 - 12p 2 )^ + m(47m 2 - 28p 2 )) (7>*. ^. pa (p) + P| 1;pi , ;p ») 
- ((16m 2 + 3p 2 )^ + m(16m 2 - 15p 2 )) 7>| 3 ;^;p» 
+ ^(3m 2 - 2p 2 )^(^ ; ^ ;pCT (p) - VI.^M) 

3 771 i i 

+ 2Vl (64m2 " 21p2)( ^^^- (p) + 

+ ^(3m 2 + Sp 2 )^^^^,^) - P| 2; „(p)) 

777 1 1 \ 



(C2) 



(C3) 
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